Purpose To characterize, directly and for the first time, the membrane transport and metabolism of pralatrexate, a new-generation dihydrofolate reductase inhibitor approved for the treatment for peripheral T-cell lymphoma.
Introduction
The antifolates were the first class of antimetabolites to enter the clinics with the introduction of aminopterin in 1947 and, shortly thereafter, methotrexate (MTX) [1, 2] . An understanding of the mechanism of action of these agents evolved over the following decades, first with the identification of their target enzyme, dihydrofolate reductase (DHFR) [3] , then elucidation of the competitive nature of the interaction of drug with this target within cells and clarification of the role of membrane transport mediated by the reduced folate carrier (RFC) as a determinant of cytotoxicity and drug resistance [4, 5] . The metabolism of these agents to their polyglutamate forms was identified in 1973 [6] , but their pharmacological importance clarified in the 1980s. These congeners are biologically active and are retained and accumulate to high levels in tumor cells to produce sustained suppression of DHFR [7] . This biochemical transformation was then shown to play a critical role in MTX selectivity occurring to a much lesser extent in intestinal and bone marrow progenitor cells than in tumor cells [5, [7] [8] [9] [10] . Finally, the polyglutamate derivatives of MTX were found to be direct inhibitors of thymidylate synthase and AICAR transformylase [11, 12] . This provided an explanation, at the biochemical and cellular levels, for the selectivity of leucovorin ''rescue'': Utilization of tetrahydrofolate cofactors generated from leucovorin is impaired in tumors cells that contain the MTX polyglutamate forms, while utilization is not impaired, or is impaired to a lesser extent, in normal cells that generate much lower levels of these derivatives [5, 13, 14] .
Recognition of the critical role of polyglutamation in drug action resulted in a search for antifolate analogs with the enhancement of this property. This led to the identification and clinical evaluation of a number of antifolates with a spectrum of target enzyme sites ultimately yielding pemetrexed which, in its polyglutamate forms, is a direct inhibitor of thymidylate synthase and AICAR transformylase [15, 16] . The search for more effective inhibitors of DHFR with both enhanced polyglutamation and transport was pursued methodically by Sirotnak and his collaborators, first with the identification of the 10-deaza analog of aminopterin, then the 10-deaza-ethyl analog (edatrexate), and finally the 10-deaza propargyl derivative, pralatrexate [17] [18] [19] . This drug was reported to be a much better substrate than MTX for both RFC and folylpolyglutamate synthetase (FPGS) [18] . Pralatrexate was approved in 2009 for the treatment for peripheral T-cell lymphoma, the second antifolate, after pemetrexed in 2004, to be introduced in the USA for the treatment for cancer in 65 years [20, 21] . We report on the first direct analysis of the cellular and biochemical pharmacology of pralatrexate using a tritiated derivative. The studies utilize unique HeLa cell lines developed in this laboratory that allow analysis of membrane transport mediated by the two major facilitative folate transporters, RFC and the proton-coupled folate transporter (PCFT) [22, 23] , along with the assessment of the metabolism of this drug to its polyglutamate derivatives, all within the context of a comparison of these properties for MTX.
Materials and methods

Reagents
Tritiated pralatrexate, pemetrexed (both generally labeled), and [3 0 , 5 0 , 7-3 H]MTX were obtained from Moravek Biochemicals (Brea, CA). Pemetrexed and MTX purity was established and monitored by high-performance liquid chromatography (HPLC) as described previously [24] . Pralatrexate purity was monitored using a 5-mm OSD2 4.6 9 250 mm reversed-phase HPLC column (Waters Spherisorb), by isocratic elution with 100 mM sodium acetate pH 5.5 (solvent A) and 15 % acetonitrile (solvent B). The mobile phase was delivered at 1 ml/min, reaching 100 % solvent B in 30 min. Nonlabeled MTX was obtained from Sigma-Aldrich (St. Louis, MO), nonlabeled (6S)5-formyltetrahydrofolate (5-formylTHF) from Schircks Laboratories (Jona, Switzerland), and nonlabeled pemetrexed from LC Laboratories (Woburn, MA). Pralatrexate was obtained from Spectrum Pharmaceuticals (Irvine, CA).
Cell lines
HeLa cells were maintained in RPMI 1640 medium supplemented with 10 % fetal bovine serum (Gemini BioProducts, Irvine, CA), 100 units/ml penicillin, and 100 lg/ ml streptomycin at 37°C in a humidified atmosphere of 5 % CO 2 . HeLa R1-PCFT cells, transfected to express high levels of PCFT, were derived from HeLa R1-11 cells (which lack endogenous expression of RFC and PCFT) and were maintained in 300 lg/ml hygromycin B (Calbiochem, San Diego, CA) as reported previously [25] [26] [27] [28] . HeLa R1-PCFT4, lacking RFC but transfected to express PCFT at a level similar to that of wild-type HeLa cells, were derived from HeLa R1-11 cells and maintained in 100 lg/ml phleomycin (Zeocin; Invitrogen, Carlsbad, CA), as reported previously [26] . HeLa-RFC7 cells were derived from HeLa-R5 cells and express constitutive levels of PCFT and very high levels of RFC [29] . For growth inhibition studies, cells were maintained in folate-free RPMI 1640 medium supplemented with 10 % dialyzed fetal bovine serum (Gibco, Grand Island, NY) and 25 nM 5-formylTHF as the folate source.
Transport measurements
Transport of tritiated substrates was measured in cells grown in monolayer culture at the bottom of glass vials for 3 days [30] . The medium was aspirated, and cells washed twice in HBS buffer (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , and 5 mM dextrose; adjusted with 1 N NaOH to achieve a pH of 7.4). Then, 1 ml of HBS buffer was added, and the vials incubated in a 37°C water bath for 20 min. Buffer was then aspirated, and the radiolabeled reagents added. Uptake at pH 7.4 was performed in HBS buffer; uptake at pH 6.0 utilized MBS buffer (20 mM MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , and 5 mM dextrose, adjusted with 1 N HCl to achieve pH 6.0). Uptake was stopped by injection of 10 volumes of ice-cold HBS buffer at pH 7.4 after which the cells were washed three times in this buffer and then digested with 0.2 N NaOH at 65°C for 45 min. A portion (400 ll) was assessed for tritium on a liquid scintillation spectrometer or protein (10 ll) by the BCA assay (Thermo Fisher Scientific, Waltham, MA). Cellular antifolate is expressed as picomoles per milligram of protein.
Influx kinetics was determined by a nonlinear regression analysis of the relationship between pralatrexate influx as a function of the extracellular pralatrexate concentration based on the Michaelis-Menten equation using Prism software (version 5.0 for Windows; GraphPad Software Inc., San Diego, CA). To assess the level of free intracellular drug, cells were incubated with tritiated MTX or pralatrexate for 60 min following which one portion of cells was taken for the measurement of intracellular drug. The other portion of cells was washed three times with 0°C HBS and then resuspended into drug-free buffer at 37°C, and intracellular drug measured until a constant level was achieved that represented the component bound to DHFR [31] . The difference between the initial intracellular drug level and the bound fraction was considered to be the level of free intracellular drug. The concentration of drug in the intracellular water (lM) was based upon the ratio of the intracellular water (lL) to protein (mg) determined to be 6 [28] .
HPLC analysis of [ 3 H]pralatrexate and its metabolites
HeLa cells were incubated in RPMI medium containing 0.5 lM [ 3 H]pralatrexate for 6 h then washed twice in icecold HBS. One portion of cells was taken for the assessment of total tritium and protein. The other portion was extracted with 1 ml of 10 % TCA for 10 min at 0°C then neutralized by the addition of 0.2 ml of 1 M NaH 2 PO 4 and 0.1 ml of 6 M NaOH. Liquid chromatographic analysis was performed on a reversed-phase HPLC column (Waters Spherisorb, 5 mm ODS2 4.6 3 250 mm see above). Separation of the different polyglutamate forms was achieved by elution with 0.1 M sodium acetate, pH 5.5, for 5 min followed by two linear gradients of 0-30 and 30-50 % acetonitrile in 0.1 M sodium acetate over 35 and 20 min, respectively, and then 100 % acetonitrile for 11 min. The flow rate was 1 ml/min; 1 ml fractions were collected in 13-ml vials, and radioactivity was measured on a liquid scintillation spectrometer. While authentic standards of pralatrexate polyglutamates are not available, the different peaks could be clearly delineated allowing discrimination of the various polyglutamate forms.
Growth inhibition assay
HeLa cells were seeded in 96-well plates at a density of 2 9 10 3 cells/well. The following day, pralatrexate or MTX was added to achieve a broad spectrum of concentrations for 6 h followed by growth in drug-free medium for 6 days, or cells were exposed to drug continuously for 6 days. Cells were then assayed by sulforhodamine B staining. Absorbance was measured at 540 nM with the VERSAmax plate reader (GE Intelligent Platforms, Charlottesville, VA). Figure 1a illustrates the time course of drug uptake at an extracellular concentration of 0.05 lM at pH 7.4 in HeLa cells that express constitutive levels of RFC and PCFT. The increase in intracellular pralatrexate and MTX as a function of time was constant and the uptake slopes extrapolated close to the point of origin. Hence, uptake over this interval was unidirectional and represented the initial rate (influx) of pralatrexate and MTX transport into the cells. Influx of pralatrexate was *tenfold greater than that of MTX (0.62 ± 0.05 vs 0.06 ± 0.01 pmol mg protein -1 min -1 , respectively). To explore the relationship between pralatrexate and MTX transport over a broader concentration range, influx was assessed at an extracellular drug concentration tenfold higher, 0.5 lM, over a much shorter interval to capture initial rates (Fig. 1b) . Under these conditions, unidirectional transport was sustained, but pralatrexate influx exceeded that for MTX by a factor of only 2.5 (0.022 ± 0.001 vs 0.009 ± 0.001 pmol mg protein -1 min -1 , respectively).
Results
A comparison of the initial uptake rates of [ 3 H]pralatrexate and [ 3 H]MTX in HeLa cells
Pralatrexate influx kinetics
Preliminary studies established that pralatrexate influx was unidirectional over at least 80 s over a concentration range of 0.05-4 lM (data not shown). Influx kinetics was subsequently determined over 60 s at pH 7.4 using [ 3 H]pralatrexate concentrations within this range in the presence or absence of 5 lM nonlabeled MTX (Fig. 1, panels c, d ). Based upon a nonlinear regression analysis and MichaelisMenten kinetics, the pralatrexate influx K t (concentration at which influx was one-half of the maximum rate) was computed to be 0.52 ± 0.2 lM, and maximum influx (V max ) was 5.27 ± 0.6 pmol mg protein -1 min -1 . The MTX influx K i (an affinity constant based upon the inhibition of pralatrexate influx) was *4.4 lM, eightfold greater than the pralatrexate influx K t , consistent with a much higher affinity of pralatrexate for RFC relative to MTX and the large difference in initial uptake rates at a concentration of 0.05 lM, one order magnitude below the pralatrexate influx K t .
An analysis of antifolate transport mediated by PCFT Pralatrexate was designed to have a high affinity for RFC [18] . At the time of its development, the existence of PCFT, a transporter with optimal activity at low pH, was not known [23] . To assess the extent to which pralatrexate is a substrate for this carrier, transport was assessed in HeLa R1-PCFT cells that express very high levels of PCFT but lack expression of RFC. The high level of PCFT expression allows accurate transport measurements at neutral pH. Figure 2 illustrates influx of tritiated antifolates at either pH 6.0 (a) or pH 7.4 (b) in these cells and in HeLa R1-11 cells that lack both transporters. It can be seen that there was essentially no uptake detected in cells that lack RFC and PCFT excluding transport of pralatrexate, or the other antifolates tested, mediated by other facilitative processes or passive diffusion over this interval. At pH 6.0, where the transporter function is near optimal, MTX influx was half that of pemetrexed (an antifolate with high affinity for PCFT) [26, 32] and pralatrexate influx was one-third that of MTX. At pH 7.4, MTX influx mediated by PCFT was *1/10th the rate for pemetrexed and pralatrexate influx was half the rate of MTX. Hence, among the antifolates tested, pralatrexate was the poorest substrate for PCFT so that when transport is measured at physiological pH in HeLa cells that express both RFC and PCFT, RFC is the dominant transporter; PCFT does not contribute significantly to the transport of pralatrexate.
An analysis of the net cellular uptake of pralatrexate, MTX, and pemetrexed: impact of cellular folates acid (A) or in cells grown in RPMI supplemented with 100 lM folic acid (B), a condition that markedly augments the intracellular folate pool [33] [24, 33] .
This was confirmed by an analysis of the intracellular pralatrexate derivatives that accumulate under these conditions as illustrated in the lower two panels of Fig. 3 . HeLa cells grown in RPMI (c) or RPMI supplemented with 100 lM folic acid (d) for 3 days were exposed to 0.5 lM [ 3 H]pralatrexate for 6 h following which the cells were processed for HPLC. Under usual growth conditions with 2.0 lM folic acid, five peaks were identified, four preceding the monoglutamate peak confirmed by a nonlabeled standard. Pralatrexate polyglutamates were not available to confirm the identity of the other peaks. However, they differentiated clearly into four peaks assumed to elute according to their molecular size, the largest of which likely represents the tetraglutamate. Based upon this analysis, the mono-, di-tri-, tetra, and penta-glutamates represented 21, 15, 12, 50, and 2 % of the total radioactivity on the column. When cells were grown in RPMI supplemented with 100 lM folic acid, all the peaks but the one corresponding to the monoglutamate were markedly suppressed. The suppression was not complete, consistent with the cellular uptake pattern in Fig. 3 , panels a and b.
A comparison of the free MTX and pralatrexate levels in HeLa cells RFC is the dominant and, for all practical purposes, the sole route of pralatrexate transport into HeLa cells at pH 7.4. The free substrate levels achieved are determined by the net impact of RFC, an organic anion antiporter, opposed by the ATP-binding cassette exporters that contribute to the efflux of antifolates (largely the monoglutamates) out of cells. To determine the free antifolate levels, cells grown with 100 lM folic acid to suppress polyglutamation were exposed to 0.05 lM [ 3 H]MTX and [ 3 H]pralatrexate over 1 h when steady-state levels of free drugs were achieved. The total cellular drug level was measured in one portion of the cells, another portion was washed and resuspended into a large volume of drug-free medium to determine the level retained within the cells, bound to DHFR. The difference was considered to be the free intracellular drug level. In cells brought to steady state with 0.05 lM antifolates, the level of MTX and pralatrexate bound within the cells was comparable. The level of free intracellular pralatrexate (0.17 lM) exceeded the level of free MTX (0.05 lM) by a factor of 3.4 (p = 0.04). It can be seen that free intracellular pralatrexate also exceeded the extracellular level by a factor of 3.4, consistent with an inward chemical gradient. There was no chemical gradient for MTX (Table 1) .
When cells were brought to steady state with 0.5 lM of the antifolates, the free pralatrexate level exceeded that for MTX by less than two, and the chemical gradient for pralatrexate was half that observed at the lower extracellular concentration. Hence, the tenfold higher unidirectional flux of pralatrexate relative to MTX at 0.05 lM translates into a *threefold difference in the free drug levels. At the higher concentration, a 2.5 difference in influx translated into a \ twofold difference in free drug levels (Table 1) . Hence, as the extracellular drug concentration increases and pralatrexate influx saturates, the differences in influx and free drug levels as compared to MTX decreases.
A comparison of pralatrexate and MTX growth inhibition in HeLa cells: continuous versus transient exposure
The pharmacological impact of pralatrexate and MTX was first evaluated by comparing the IC 50 (concentration of Tritiated drug levels were assessed at extracellular concentrations of 0.05 and 0.5 lM in HeLa cells grown in medium supplemented with 100 lM folic acid to minimize formation of polyglutamate derivatives. At 1 h, total antifolate levels were measured following which the cells were washed in 0°C buffer, resuspended into antifolate-free HBS at 37°C, and the intracellular drug levels monitored. The difference between the total and DHFR-bound levels is considered the free intracellular drug concentrations. The gradient is the ratio of the free intracellular to extracellular drug concentration. Data are the mean ± SEM from four independent experiments drug that suppresses growth to 50 % the rate in the absence of drug) in cells continuously exposed to the drugs. As indicated in Fig. 4a , the pralatrexate IC 50 (7 nM) was *1/ 25th that for MTX (180 nM). The difference in growth inhibition was much greater when exposure to the drugs was transient. As illustrated in Fig. 4b , when cells were exposed to drug for 6 h followed by growth in the absence of drug for 6 days, the pralatrexate IC 50 increased *tenfold to 80 nM, but the MTX IC 50 increased 170-fold to 30 lM. Hence, with a six-hour exposure, the IC 50 for pralatrexate was *1/375th that of MTX.
Impact of a high level, or lack, of RFC expression on pralatrexate transport and growth inhibition Figure 5 illustrates that RFC-mediated transport of pralatrexate is clearly a prerequisite for cytotoxic activity. HeLa-R1-PCFT4 cells, with constitutive levels of PCFT expression but a lack of RFC expression, were [500 times less sensitive to pralatrexate compared with the wild-type cells (IC 50 in HeLa cells and HeLa-R1-PCFT4 of 40 nM vs [20 lM, respectively) . This is also consistent with the very low affinity of pralatrexate for PCFT. However, in HeLa-RFC7 cells that express high levels of RFC (RFC mRNA is markedly increased [29] , and influx is increased sixfold -0.043 ± 0.008 vs 0.007 ± 0.001 pmol mg protein -1 min -1 ), there was no significant increase in growth inhibitory activity as compared to wild-type HeLa cells (IC 50 in HeLa cells and HeLa-RFC7 of 30 vs 40 nM- Fig. 5 ).
Discussion
Pralatrexate is a new-generation DHFR inhibitor approved for the treatment for advanced-stage peripheral T-cell lymphoma [20, 21] and is being evaluated for efficacy in other cancers. Pralatrexate was designed to have a high affinity for RFC [18] , the main route of folate and antifolate transport into systemic tissues and tumor cells [22, 34] . The drug also has a high affinity for FPGS, the enzyme that mediates the formation of folate and antifolate polyglutamate derivatives [18] . The current study represents the first direct characterization of the membrane transport and polyglutamation of tritiated pralatrexate in HeLa cell lines. The data confirm a much higher affinity for RFC *tenfold greater than that for MTX, with a K t somewhat higher than previously reported [18] . The current study also documents, for the first time, the very rapid rate of formation and accumulation of pralatrexate polyglutamate derivatives in cells comparable to what was observed for pemetrexed, another excellent substrate for FPGS [24] . While pralatrexate polyglutamate standards are not available, the chromatographic pattern of intracellular constituents, and the suppression of their formation by loading cells with folates, is consistent with the formation of polyglutamates of up to the pentaglutamate with the tetraglutamate, the predominant form similar to what has been observed for pemetrexed [24] . Consistent with these superior pharmacological properties is pralatrexate's greater potency relative to MTX. Hence, with continuous exposure to these drugs in vitro, pralatrexate was 25 times more potent in inhibiting the growth of HeLa cells than MTX. That difference was amplified 15-fold when exposure to the drugs was brief, exploiting the rapid rate of polyglutamation of pralatrexate relative to MTX and the intracellular accumulation of these derivatives that results in sustained inhibition of DHFR in the absence of extracellular drug [5] . Under the latter conditions, growth inhibition by pralatrexate exceeded that for MTX by a factor of 375. What is intriguing about pralatrexate is its relative lack of toxicity in its clinical application despite its much greater potency relative to MTX. Pralatrexate can be administered weekly at doses (30 mg/m 2 ) comparable to MTX (40 mg/m 2 ) with only moderate mucositis, which can be diminished, but not eliminated, by supplementation with low-dose folic acid [21] .
A comparison between the pharmacological properties of pralatrexate and aminopterin is also informative. Aminopterin has a fourfold higher affinity for RFC than MTX, and its catalytic activity mediated by FPGS is comparable to that of pralatrexate [18, 35] . Yet, the MTD for aminopterin is 2 mg q-12 hours for two doses, weekly, with leucovorin rescue [36] . Likewise, in mice, pralatrexate can be administered at doses greater than either MTX or aminopterin with substantially greater efficacy and a limited toxicity [18, 37, 38] . Hence, in mice, there is a much superior therapeutic index for pralatrexate with an apparent lesser toxicity to bone marrow and intestinal cells. The basis for this is not clear; for MTX, at least, the accumulation of polyglutamate derivatives in intestinal cells and bone marrow progenitor cells is far less than in tumor cells [8] [9] [10] . It is possible that there may be even lesser formation of polyglutamate derivatives of pralatrexate in these cells. Pralatrexate's high therapeutic index relative to the other DHFR inhibitors is a phenomenon that certainly warrants further clarification.
The role that pralatrexate's enhanced transport properties plays, relative to its enhanced polyglutamation, in its increased activity relative to MTX is not entirely clear. First, pralatrexate's transport in terms of unidirectional transport into cells does not translate into a comparable increase in the free intracellular level which is the substrate for FPGS. This is the case because (1) RFC is a bidirectional transporter so that when influx increases, efflux increases as well although not in proportion. This was illustrated dramatically for MTX in that when RFC was transfected to high levels in L1210 leukemia cells, while there was a tenfold increase in influx, efflux increased fivefold, and the steady-state free level only doubled [39] . (2) A variety of ATP-binding cassette exporters contribute to the efflux of antifolates and dissipate, in part, gradients achieved by RFC, an organic phosphate antiporter [22] . At the lowest level studied (50 nM), the free intracellular pralatrexate level exceeded the extracellular concentration by a factor of *3. When the membrane potential of HeLa cells is considered, 40 mV at the low end of the measured spectrum [40, 41] , the expected intracellular to extracellular ratio for a bivalent anion if transport was passive is 0.05 based on the Nernst equation. In fact, the ratio of the concentration of pralatrexate in the intracellular to extracellular water exceeds the extracellular level. Hence, there is an enormous electrochemical potential difference for this agent across the cell membrane consistent with RFCmediated uphill transport.
Initially, after pralatrexate is administered intravenously, the blood level is high and the transporter is saturated (pralatrexate blood levels [5 lM) for at least 2-3 h. By 12 h, the drug level has decreased to 0.1 lM and by 24 h-0.05 lM [42] . Hence, the enhanced pralatrexate transport properties relative to MTX will manifest largely long after the drug is administered when the blood level has fallen below the influx K t . It is during that time that there may be continued synthesis of polyglutamates that expand and/or sustain the pralatrexate polyglutamate pool as these congeners are hydrolyzed to the monoglutamate which is free to leave the cells. Increasing expression of RFC beyond constitutive levels in most cells will minimally impact on activity, as was observed here for pralatrexate and reported earlier for MTX [39] . However, as RFC expression is decreased, influx will ultimately slow to a point in which transport and the free intracellular level becomes rate limiting to the formation of polyglutamate derivatives and the inactivation of DHFR resulting in impaired drug action.
The other major folate transporter, PCFT, is the mechanism by which folates and antifolates are transported across the apical brush border membrane of the proximal small intestine and across the basolateral membrane of choroid plexus ependymal cells [22, 23, 34] . Hence, the competency of this transporter and its affinity for its various substrates will determine the extent to which antifolates are re-absorbed during their enterohepatic circulation. The very low affinity of pralatrexate for PCFT should accelerate its clearance from the blood and increase its fecal excretion relative to MTX. Consistent with a hepatic role in the excretion of MTX is the increased renal excretion that occurs with ligation of the bile duct in mice [43] and the decreased MTX clearance and increased toxicity associated with genetic variants of the liver-specific organic anion transporting polypeptide (OATP1B1) in children with acute lymphoblastic leukemia [44, 45] . Any factors that accelerate the rate of pralatrexate clearance should decrease its toxicity to normal tissues, while its antitumor activity is sustained by the polyglutamate derivatives that have been generated and retained in tumor cells. The low affinity of pralatrexate for PCFT is also indicated in these studies by the resistance to this agent in cells that express only constitutive levels of PCFT as compared to HeLa cells that express constitutive levels of both PCFT and RFC.
